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I. Itfl'RO_J(:TION AND SUMMARY

Radio absorptivity data for planetary atmospheres obtained from spacecraft radio

occultation experiments and earth-based radio astronomical observations can be

used to infer abundances of microwave absorbing atmospheric constituents in those

atmospheres, as long as reliable information regarding the microwave absorbing

properties of potential constituents is available. The use of theoretically-

derived microwave absorption properties for such atmospheric constituents, or

using laboratory measurements of such properties under environmental conditions

which are significantly different than those of the planetary atmosphere being

studied, often leads to significant misinterpretation of available opacity data.

For example, laboratory measurements performed by Joiner et al. (1989), under

Grant NAGW-533, have shown that the millimeter-wave capacity of ammonia between

7.5 mm and 9.3 mm and also at the 3.2 mm wavelength is best described by a

different lineshape than was previously used in theoretical predictions. The

recognition of the need to make such laboratory measurements of simulated

planetary atmospheres over a range of temperatures and pressures which correspond

to the altitudes probed by both radio occultation experiments and radio

astronomical observations, and over a range of frequencies which correspond to

those used in both radio occultation experiments and radio astronomical

observations, has led to the development of a facility at Georgia Tech which is

capable of making such measurements. It has been the goal of this investigation

to conduct such measurements and to apply the results to a wide range of

planetary observations, both spacecraft and earth-based, in order to determine

the identity and abundance profiles of constituents in those planetary

atmospheres.



One key activity in the first half of this grant year has continued to be

laboratory measurementsof the microwave and millimeter-wave properties of the

simulated atmospheres of the outer planets and their satellites. However, we

have also focussed on development of a radiative transfer model of the Jovian

atmosphereat wavelengths from I mmto 10 cm. This model utilizes our laboratory

data and has also been used to evaluate the need for laboratory measurementsof

other possible absorbers. This modeling effort has led us to conduct a

laboratory measurementof the millimeter-wave opacity of hydrogen sulfide (H2S)

under simulated Jovian conditions. Since our modeling effort suggested that it

was possible to determine limits on the abundanceof H2Sin the atmosphere of

Jupiter using a medium resolution observation at 1.4 mm, an observation of

Jupiter was conducted in November, 1990, from the Caltech Submillimeter

Observatory (CSO)in Hawaii. Descriptions of the modeling effort, the laboratory

experiment, and the observation is given in Section II, and in Appendix B which

is a preprint of a paper entitled "Modeling of the Millemeter-Wave Emission of

Jupiter Utilizing Laboratory Measurementsof Ammonia(NH3)Opacity" by Joiner and

Steffes, which has been submitted to the _ournal of GeophysiGal Research:

Planets.

An important source of information regarding the Venus atmosphere is the

increasing number of high-resolution millimeter-wavelength emission measurements

which have been recently conducted. (See, for example, de Pater et al., Iggl)

Correlative studies of these measurements with Pioneer-Venus radio occultation

measurements (Jenkins and Steffes, Iggl) and our longer wavelength emission

measurements (Steffes et al., 1990) have provided new ways for characterizing

temporal and spatial variations in the abundance of both gaseous H2SO4 and SO2,



and for modeling their roles in the subcloud atmosphere. However, unambiguous

results require that we have dependable knowledge of the microwave and

millimeter-wave opacity of gaseous and liquid H2SO4, and of gaseous SO2 under

Venus conditions.

While some laboratory measurements of the microwave absorption properties of

gaseous SO2 under simulated Venus conditions were made at 13 cm and 3.6 cm

wavelengths by Steffes and Eshleman (1981), no measurements have been made at

shorter wavelengths. Since the 1.35 cm wavelength appeared to be one of the

better wavelengths for measuring the sub-cloud SO2 abundance (Steffes et al.,

1990), we have conducted laboratory measurements of the 1.35 cm (and ]3 cm)

opacity of gaseous SOz. The results and application of this work were discussed

in the previous_nnual Report (includes Seminannual Status Report #14) for Grant

NAGW-533 (11/I/89 - 10/31/90). However, during the first half of this grant year

we have also conducted laboratory measurements of the absorptivity of gaseous SO2

at the 3.2 mm wavelength under simulated Venus conditions. These measurements

are described in Section Ill of this report.

Likewise, we have recently completed laboratory measurements of the millimeter-

wave dielectric properties of liquid HzSO4, in order to model the effects of the

opacity of the clouds of Venus on the millimeter-wave emission spectrum. This

laboratory experiment and its results are described in Appendix C which is a

preprint of a paper entitled "Laboratory Measurement of the Millimeter-Wave

Properties of Liquid Sulfuric Acid (H2S04)" by Fahd and Steffes, which has been

submitted to the Jourpal of Geophysical Research: Planets.



In the second half of this grant year we intend to complete the analysis of our

observations of the 1.4 mm emission spectrum of Jupiter. By using the results

of our laboratory measurements of the 1.4 mm opacity of gaseous H2S, combined

with our radiative transfer model already developed for Jupiter, we hope to

establish limits on the abundance and distribution of gaseous H2S in the Jovian

atmosphere. We will also begin construction of the laboratory apparatus for

measurement of the millimeter-wave opacity from gaseous H2SO4 under simulated

Venus conditions. This is an especially difficult task given the high

temperatures required to obtain enough H2SO4 vapor so as to be able to measure

its opacity, and the high pressures characteristic of the Venus atmosphere.

Finally, we intend to pursue an integrated multi-spectral analysis of Venus

atmospheric data employing: I) recent Pioneer-Venus radio occultation data for

13 cm opacity in the Venus atmosphere (ref. Jenkins and Steffes, 199]); 2)

recent earth-based observations of the microwave (ref. Steffeset al., ]ggo) and

millimeter-wave (ref. de Pater etal., 1991) emission from Venus, and 3) recent

earth-based and spaced-based observations of the I.R. emission from Venus. Our

study will also establish requirements for additional laboratory measurements,

especially in the I.R. We are also studying the possibility of directly

monitoring the signals from the Galileo Jupiter Probe with an earth-based radio

telescope so that we could obtain another independent measurement of radio

opacity at a localized position within the Jovian atmosphere.



II. OUTER PLANETS STUDIES

1 Measurement of (H2S) Opacity at G-Band

1.1 Laboratory Configurat|on

A block diagram of the system used to measure H_S absorption is shown in Figure

1. The G-Band CW signal (~218 GHz) is generated by doubling a W-Band (~109

GHz) klystron tube source. The klystron power supply provides modulation by

varying the voltage on the reflector of the klystron. The variation in frequency

using this technique is less than 0.5%. Since the pressure-broadened H2S line is

several GHz wide, absolute frequency stability is not necessary. A sample of the

signal from the klystron is taken by a 20 dB coupler and downconverted to an IF

of about 800 MHz by a harmonic mixer. A microwave source phase locked to a

microwave frequency counter provides the LO for the mixer. The frequency and

stability of the IF signal is monitored with a high resolution spectrum analyzer.

The frequency of the klystron can be calculated from the precise measurement of

the IF and LO frequencies using the spectrum analyzer and frequency counter.

High gain horn antennas are used to transmit and receive the G- band signal

which passes through a 71 cm glass cell. A G-Band detector converts the received

millimeter-wave signal to a voltage which is measured with a lock in amplifier. A 5

cm piece of WR-5 waveguide (f_ -- 168 GHz) acts as a high pass filter to prevent any

leakage of the fundamental or first harmonic (-_ 109 GHz) through the doubler from

being detected. A highpass filter (fc "- 300 GHz) was used to measure the signal

level of the third harmonic (~ 327 GHz). The power from the third harmonic was

found to be more than 30 dB down from the second harmonic. Thus, the detector

is measuring power from only the desired harmonic.



Reflectionsoccur at the cell boundaries due to the different dielectric constants

of the air outside the cell, gas mixture in the cell, and lens material at the cell

boundary. In order to measure the absorption due to the H2S gas mixure, the

power or voltage on the detector is first measured with the H,S mixture in the cell.

The power is then measured in the cell filled with a gas mixture of 90% hydrogen

and 10% helium. This mixture has a similar index of refraction as that of the H2S

gas mixture. Thus, the reflections occurring at the cell boundaries will be shnilar

for both gas mixtures. The absorption due to the hydrogen and helium mixure is

negligible. The attenuation due to the H,S mixure can be inferred from the ratio of

the voltages measured with the two gas mixtures in the cell. This approach ensures

that the drop in signal level is due only to absorption and riot changes in reflection

at the cell interfaces.

A pre-mixed, constituent analyzed gas mixture (Matheson) is used in all experi-

ments. This mixture consists of 78.79% H2, 9.28% He and 11.93% H2S. A relatively

high mixing ratio of H2S is needed in order to measure absorption in the cell. The

uncertainty in this mixture is :k2_ of the stated component mixing ratio. The

experiments take place at ambient temperature (296K) and at a total pressure of 2

atm.

The main source of uncertainty in this experiment is due to power drift in

the klystron source. Power and frequency drift occur as the temperature of the

klystron varies. Although the klystron is mounted on a large heat sink to reduce

power and frequency drift, the output power exhibits a sinusoidal drift. By carefully

characterizing the sinnsoidal drift in power, the error bars have been minimized.
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1.2 Experimetal Results

The pressure-broadened linewidth of H2S in an H2/He atmosphere can be expressed

by

_v (1)

where A_'HH is the hydrogen-broadened linewidth and rt is assumed to be 2/3. The

self-broadened linewidths of several H2S lines, including the 20,_ - 21,1 line at 217

GHz, have been measured by Helminger and De Lucia (1977). The reported value

of the self-broadened line width of the 20,2 - 21,1 line, A_2s, is 9.10 MHz/Torr

(6.92 GHz/bar). The helium-broadened linewidth, A_xe has been measured for the

10,1 - 11,1 line of H2S at 168.8 GHz and at 295K by Wiley eta/. (1989) and found

to be 1.60 MHz/Torr (1.22 GHz/Bar). We assume the same value for the 20,2 - 21,1

transition.

The measured absorption at a pressure of 2 atm at room temperature is shown

in Figure 2. The solid lines represent the theoretically computed absorption. The

line parameters used in the absorption computation are taken from the GEISA line

catalog. We use the Van-Vleck Weisskopf lineshape with the line width as given

in Equation 1. The absorption in dB/m is calculated for several values of Av_ 2.

Visual inspection of Figure 1 reveals that the value of A_ 2 is approximately 2±0.5

GHz/Bar (2.6 ± 0.7 MHz/Torr).
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Dual Wavelength Observation of Jupiter at 1.4 mm

Instrumentation

The observations were made with the lO.4m Caltech Submillimeter Observatory

(CSO). The receiver is double side band with a band separation of 2.8 GHz. The

receiver (double side band) temperatures measured at 215 and 230 GHz were 220K

and 240K respectively. The Acousto-Optic Spectromoeter (AOS) has a total

bandwidth of 500 MHz and 1024 channels.

We observed both Jupiter and Mars on November 25, 1990, with the LO centered at

215.3 GHz. The frequency of the 20,2 - 21,I transition of H2S (216.7 GHz) is then

centered in the upper sideband. The two planets were observed on November 26,

1990, at a frequency 229.6 GHz. This frequency was chosen so that the CO

transition at 230.5 GHz, which has been observed in the spectrum of Mars, would

be in between the upper and lower sidebands. Therefore, it would not interfere

with the observed continuum level of Mars.

Chopping was accomplished in the position switching mode. In this mode, the

antenna is alternately pointed ON the source (planet) and at a position in the

sky OFF the source 5' in either the + or - azimuth direction. The telescope

remains ON the source and OFF the source for a duration of I0 seconds. One scan

of the source is defined as 4 ON/OFF cycles resulting in a total integration time

of 80 seconds per scan. A chopper wheel calibration is performed before each

scan of the planet. This calibration removes the effects of the earth's

atmospheric opacity.

Accurate pointing of the antenna is accomplished by constructing a five point map

of the planet in order to calculate the center of the source. After initially

10



centering the telescope on the planet, the pointing was accurate to better than

4". The telescope was typically repointed after every other scan.

2.2 Calibration

Brightness temperatures of 211.9 and 212.6K are assumed for Mars at 216 and 230

GHz, respectively. These temperatures are based on the models of Rudy (private

communication, ]991). The calculated millimeter-wave emission from Mars is

assumed to be accurate to within ± 10%.

The temperatures of the planets are corrected for partial filling of the antenna

beam using the correction factor in Ulich et. al., (1980). For Jupiter, we use

an equatorial radius at the I bar level of 71495 km and an ellipticity of 0.065.

This value is based on the radio occultation experiment aboard Voyager (Lindal

et al., 1986). A value of 3397 km was assumed for the Mars equatorial radius

with an ellipticity of 0.0006. These are the same values as those used by

Griffin et al. (1986).

Ideally, the observations of Jupiter should be made when the calibrator (Mars)

is close to the source (Jupiter) in the sky. In this case, the effects of any

time or spatial variation in the earth's atmospheric opacity will be limited.

However, good observations of Jupiter relative to Mars can still be made if the

atmospheric opacity is relatively stable and both planets are observed at similar

elevations.

2.3 Results

Analysis of this data is currently ongoing and should be completed by the end of

this grant year.
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III. VENUS STUDIES

Laboratory measurements of the opacity o_ qaseous S02 unde; Venus-

like conditions:

Gaseous sulfur dioxide has long been recognized as one of the

dominant absorbers present in the middle atmosphere of Venus

(Steffes et. al, 1990). To fully understand the role of gaseous SO 2

on the observed millimeter-wave emission from Venus, a knowledge of

the absorption of gaseous SO 2 in a CO2 atmosphere at millimeter-

wave is necessary. This need has motivated a direct measurement of

the opacity of gaseous SO 2 at 3.2 mm.

The experimental approach used to measure the absorptivity of

gaseous SO 2 in a CO 2 atmosphere is similar to that previously used

by Joiner and Steffes (1991) in determining the millimeter-wave

opacity of NH 3 under Jovian-like conditions. A block diagram of the

experimental setup is shown in Figure (3). In this setup, a Fabry-

Perot resonator shown in Figure (4) is employed to measure the

opacity of SO 2 at 94 GHz. The absorptivity is measured by observing

the effects of the test gas mixture on the quality factors (Q's) of

the Fabry-Perot resonator. For relatively low-loss gas mixtures,

the relation between the absorptivity of the gas mixture and its

effect on the Q and the transmissivity (t) of a particular

resonance is given by:

Ci- I/2) I (I- ))

where _ is the absorptivity of the gas mixture in Nepers/Km, note:

an attenuation constant, or absorption coefficient or absorptivity

of 1 Neper/Km =2 optical depths per Km = 8.686 dB/Km where the

first notation is the natural form used in electrical engineering,

12



the second is the prevalent form used in physics and astronomy, and

the third is the common (logarithmic) form. Q_ is the measured

quality factor with the gas mixture present while Qm is the

measured quality factor of the empty resonator. In addition, tg

denotes the transmissivity through the cavity at resonance with the

gas mixture loaded while te denotes the measured transmissivity

without the gas mixture. By using the above expression to calculate

the absorption of gaseous S02, one can minimize the effect of

dielectric loading which may be present in the system.

The results of our measurements are shown in Figure (5). In

this figure, the absorption (normalized to mixing ratio) of gaseous

SO 2 at two distinct pressures are compared with the theoretically

calculated values of the opacity of SO 2 in accordance with the Van-

Vleck Weiskopf formalism. As a result, we can state that our

measured opacity agrees with the predicted values from the VVW

model. These results are extremely important since they show that

the f2 dependence of the opacity of SO 2 which was proposed by Jansen

and Poynter (1981) and adopted by Steffes and Eshleman (1981) for

frequencies below I00 GHz is not valid.

Currently, we are working on incorporating our measurements

into a radiative transfer model in order to investigate the role of

SO 2 on the millimeter-wave brightness temperature of Venus.

13
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IV. PUBLICATIONS AND INTERACTION WITH OTHER INVESTIGATORS

After attending the October, 1990, AAS/DPS meeting (Charlottesville, VA) where

we presented 4 papers (Fahd and Steffes, ]ggOa; Fahd and Steffes, IggOb; Joiner

and Steffes, ]g90; Jenkins and Steffes, 1990; see Appendix A), we prepared and

submitted two papers to the new Journal of Geophysical Research: Planets. These

papers are to be included in a special issue on Laboratory Research for Planetary

Atmospheres. The first is entitled "Modeling of the Millimeter-Wave Emission of

Jupiter Utilizing Laboratory Measurements of Ammonia (NH3) Opacity" by Joiner and

Steffes and is attached as Appendix B. The second is entitled "Laboratory

Measurement of the Millimeter-Wave Properties of Liquid Sulfuric Acid (H2S04)"

by Fahd and Steffes and is attached as Appendix C.

Our work has been complemented by our past involvement in the Pioneer-Venus Guest

Investigator Program in which we processed radio occultation data in order to

obtain 13 cm absorptivity profiles for the Venus atmosphere (Jenkins and Steffes,

1991). This has kept us in close contact with a large number of Venus

investigators. More informal contacts have been maintained with groups at the

California Institute of Technology, with the Stanford Center for Radar Astronomy

(Drs. V.R. Eshleman, G.L. Tyler, and T. Spilker, regarding Voyager results for

the outer planets, and laboratory measurements), and with JPL (Drs. Robert

Poynter, Samuel Gulkis, and Michael Klein, regarding radio astronomical

observations of the outer planets and Venus). We have also worked with Dr. Imke

de Pater (University of California-Berkeley) by using our laboratory measurements

of atmospheric gases in the interpretation of radio astronomical observation of

Venus and the outer planets. We have also studied possible effects of the

]7



microwave opacity of cloud layers in the outer planets' atmospheres. In this

area, we have worked both with Dr. de Pater and with Dr. Paul Romani (Goddard

SFC).

In the second half of this grant year, we will again submit results of our latest

work to the annual AAS/DPS meeting. We will also submit a paper to the IEEE

Transactions on Microwave Theory and Techniques describing our observations of

Jupiter and accompanying laboratory measurements of H2S at the 1.4mmwavelength.

(This will be submitted for a special issue on "Microwaves in Space"

commemorating the International Space Year.) Finally, we will prepare and submit

a paper to Icarus describing our laboratory measurements of the microwave and

millimeter-wave opacity of SO2, and how the results affect interpretation of the

microwave and millimeter-wave emission from Venus.

V. CONCLUSION

In the first half of this grant year we have continued a very active program of

laboratory measurements of the microwave and millimeter-wave properties of

planetary atmospheric constituents. We have also been involved in observational

and interpretive studies of the microwave and millimeter-wave emission from

planetary atmospheres. In the second half we intend to complete the analysis of

our observations of the 1.4 mm emission spectrum of Jupiter. By using the

results of our laboratory measurements of the 1.4 mm opacity of gaseous H2S,

combined with our radiative transfer model already developed for Jupiter, we hope

to establish strong limits on the abundance and distribution of gaseous H2S in

the Jovian atmosphere. We will also begin construction of the laboratory

18



apparatus for measurement of the millimeter-wave opacity from gaseous H2SO4under

simulated Venus conditions. This is an especially difficult task given the high

temperatures required to obtain enough HzSO4 vapor so as to be able to measure

its opacity, and the high pressures characteristic of the Venus atmosphere.

Finally, we intend to pursue an integrated multi-spectral analysis of Venus

atmospheric data employing: I) recent Pioneer-Venus radio occultation data for

13 cm opacity in the Venus atmosphere (ref. Jenkins and Steffes, 1991); 2)

recent earth-based observations of the microwave (ref. Steffeset al., ]ggo) and

millimeter-wave (ref. de Pater et al., 1991) emission from Venus, and 3) recent

earth-based and spaced-based observations of the I.R. emission from Venus. Our

study will also establish requirements for additional laboratory measurements,

especially in the I.R.

Ig
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Appendix B

Modeling of the Millimeter-wave Emission of
Jupiter Utilizing Laboratory Measurements of

Ammonia (NH3) Opacity

JOANNA JOINER AND PAUL G. STEFFES

Radiative tramfer models which hsve been used to calculate the millirnater_wave omission
from Jupiter do not agree well with the m_ng radio astronomical obsa-wtions (al. dePater and
Mmmie, 1985). This apparent discrepancy has gone largely unexplained due to s lack of la_-
ratory data at these wavelengths coup/ed with uncertldnt/es in the calibration of existing radio
utronomical oh•u-rations. Previous laboratory measurements of the 7.5 to 9.38 mm opacity from
gsasous ammonia (NHs) by Joiner _ _ (1989) were inco-clusive ss to which thsor_ical linuhspe
most accm_tedly describes the behavior of NHs at these wavelengths. We haw made additional
laboratory measurements of the millimeter-wave opLciW of gaseous ammonia at s shorter wave-
length ($.2 ram) where the theoretical lineshapes are further separated, The measurements were
conducted st a temperature of 210K, at pressures ranging from 1 to 2 arm, and in • mixture con-
sisting of 85.56% hydrogen (H2), 9.$7% helium (He), and 5.07% ammonia (NH8). We have given
a revised formalism for the Ben-Reuven lin--hape in order to predict the absorption from NHs
in an H2/He atmosphere. We instigate asveral other potential candidates for millimeter-wave
absorption and give revised formalisms for computing their absorption. We have compiled s list of
reliable millimeter-wave radio astronomical obserwtions of Jupiter. We compare our revised list
of obscrwtiom to calculated emission spectra which utilise revised expressions for the absorption
from NHs as well as other opacity sources.
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1._ON

The mllilmeter-wsve spectrum Is s one of the few regions

capable of probing beneath the dense cloud layers of Jupiter.

The measured emission from Jupiter at microwave frequen-

cies (below SO GI-Is) can be wen explalnsd by models using

various pro_des for the abundance of ammonia (NI'I4), the

dominant absorber at these frequencies. However, when the
same models are used to calculate the emission at millimeter

wavelengths, n discrepancy Is found to exist between the cal-

culated emission and the existing radio astronomical obser-

vatious (see e.I. dePater and Ma_le, 1985). Because there
are asverai sources of uncertainty in both the observations

and the models, inferring information from millimeter-wave

spectra of Jupiter Is difficult.

One of the largest sources of uncertainty in modeling the

millhneter-w'_ve emission from the outer planets involves the

calculation of the absorption coefBclent of the atmospheric

constituents. Them are asverai sources of opacity in the

millimeter-wave spectra of Jupiter. The dominant absorber

at millimeter wavelengths ls gaseous ammonia (NHs). An-
other source of milllmeter-wave opacity is pressure-induced

absorption from hydrogen, helium, and methane. Besard et

a/. (1983) first demonstrated that gaseous hydrogen sulfide

(H2S), which ha, yet to be detected on the outer planets,

may be contributing to the opacity observed in Juplter's

milllmeter-wave spectrum. Both H2S and H20 have strong

rotational lines at millimeter wavelengths. Cloud particles

may provide another source of milllmeter-wave opacity. Al-
though molecules such as PHs, HCN, and CO contain strong

absorption lines at millimeter wavelengths, they do not ex-

ist in abundances great enough to significantly affect the
millimeter-wave spectrum of Jupiter.

Accurate calibration of the radio astronomical observa-

tions of the outer planets at millimeter wavelengths is crit-

ical if meaningful comparisons are to be made between dif-
ferent observations and between the observations and radia-

tive transfer models. The most frequently used calibrator

at these wsvekngths is Mars. However, the uncertainty in

the modelled flux from Mars Is reported to be at least 10%

(Griffin eta/. , 1986) and could be as hlgh a, 20% (Orton,
private communication, 1989). Before the milllmeter-wave

spectrum of Jupiter is fully understood, better calibration

techniques will be needed. In addition, laboratory studies

of potential absorbers are needed in order to interpret the

measured emission from Jupiter correctly.

This paper describes the techniques used to make inb-

oratory measurements of the millimeter-wave opacity from

gaseons ammonia under simulated Jovian conditions. The

results of these experiments are applied to radiative transfer

models which are used to compute the millimeter-w_ve emis-

sion from Jupiter. Other sources of milllmeter-wave opac-

ity in the Jovian atmospheres are also examined. New ex-

pre_lons for the microwave and millimeter- wave absorption

from /¢H8, H_O, cloud condeusates, and pressure-induced

absorption from H2, He and CH, are given and applied to
the radiative transfer model. Reliable millimeter-wave ob-

servations are then compared to calculated emission spectra

utilising expressions for the absorption from various atmo-

spheric constituents based on recent laboratory studies.

2. _ CF NI-L OPA_rYxT 3.2 MM

The absorption from ga_ons ammonia (NHs) in a aim-

ulated Jovian atmosphere has been measured at 7.5-9.38

mm (32-40 GHs) by Joiner et a/. (1989). These measure-
ments were compared to three theoretlcai formaikms. Al-

though the data appeared to rule out the Van-Vleck Wels-

skopf (1945) lineshape, it was not clear whether the Gross
(1955) lineshape or some modified form of the Ben-Reuven

(1966) lineshape most accurately described the behavior of

NHa at millimeter wavelengths. In order to further evlduate

the millimeter-wave absorption from ga_ons NHa, we have
made measurements of its opacity at a frequency of 94 CH=

(3.2 ram) under simulated condltions for the Jovian plan-

ets. At this frequency the lineshapes differ by a significant
amount, thus allowing a more accurate determination of the

absorbing properties of ammonia at the high frequency tail

of its pre_ure-broadened inversion spectrum. Thee exper-

iment_ represent the first time that the opacity of gaseous

at wavelengths shortward of 7.5 mm has been measured

under simulated conditions for the Jovian atmospherea.

l, abora_or_ Con/_gurafion

The laboratory measurements are conducted using the

W-Band mill|meter-wave planetary atmospheres simulator

shown in Figure 1. The W-Band miUlmeter-wsve source con-

sists of a power supply and backward wave oscillator (BWO)

tube which act together as u miliJmeter-w_ve sweep oecills,-

tor. The millimeter-wave oscillator sweeps over the entire

frequency range afected by the resonance in the l_bry-Perot
r_onator. The resonator I, located inside t temperature

chamber (ultra_low temperature freeser). P, Jgid pieces of
WR-10 wtvegulde connect the resonator to the milllmeter-

wave source and rece|ver located outside the temperature
chamber. The receiver utilises a harmonic mixer in which

the local oscillator (IX)) is a microwave source which is

phased locked to a microwave frequency counter. The fre-

quency of the LO is npprox]mately 9.25 GH=. The tenth

harmonic of the IX) is then mixed with the outgoing slg-

nai from the resonator producing an intermediate frequency

(IF) of about 1.5 GILl. The IF signal is coupled from the

mixer to the hlgh resolut|on spectrum analyser. The spec-

tral response of the resonator is then viewed with the high

resolution spectrum analyser.

The W-band Fabry-Perot resonator shown in Figure 2

consists of two gold plated mirrors, one flat and one spher-

Ical, which in effect produce a bandpass filter at the reso-
nance. Electromagnetic energy is coupled both to and from

the resonator through twin Irises located on the fiat mirror.

The fiat and curved mirrors have diameters of 5 and 11.5

cm respectively. The separation between the two mirrors

is approximately 15 cm. This type of configuration yields

superior focusing which is evident in the high quality factor
(Q) of the resonator which is on the order of 25000.

The W-band resonator Is contained in a cro_ shaped glass

pipe with the curved mirror resting on two fixed support

arms. The fixed arms can be adjusted in order to change the

distance between the mirrors without disturbing the sensi-

tive alignment of the mirrors. Each of the open ends of the

pipe Is sealed with an O-ring sandwiched between the gle_

lip and a fiat bra_ or aluminum plate which is bolted to an

inner flange. One of the plates contains an inlet for the gas

to be introduced and evacuated. A network of 3/8 s stainless

steel tubing and valves connects the resonator to cylinders

containing the various gases used in the experiments (H2,
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He, and custom mixture). In addition, the pipes are also

connected to an oi] diffusion vacuum pump, • thermocou-

pie wLcuum g_uge tube (0-27 Tort), and a poIitive pr, mure

pugs (0-I00 PSIG). Each component may be IsoLated from
the system using the valve configuration shown in Figure

1. The system k capable of containing two Mmospheres of

pressure without detectable leakage. The experiment takes

place indoors with the gases being released outdoors through

• vent pipe where they are safely d_luted by air. A flammable
gas detector k used to detect any leaks that may occur dur-

ing the experiment.

E=perimerd d Approach

The absorption from gz_cus ammonia can be calculated

by observing changes In the bandwidth and center frequency

of a resonance with and without the absorbing gas present.

For a low- Io_ gas such as HI_, if the percentage change

in the center frequency of the r_onance with and without

the _ present is small (for our experiment, the percentage

change is approximately 0.$%), then the absorptivity can be

expressed as

-_(ew - Bwo) = 2.0 . 10-'( sw) (2.2)
C

where ABW is the change in bandwidth (in MIte) of the

resonance with and without the absorbing gas present.
In order to evaluate Equation 2.2, the loaded bandwidth

of the 94 CHs resonance, BWL, is first measured while the

gas chamber is filled with a premixed H2/He/NHs mixture.
The quantity BWo is found by measuring the bandwidth

in an H2/He mixture (no lq-I'Is present) instead of using the
bandwidth measured In an evacuated chamber. This ap-

proach accounts for the dielectric losing effect which is de-

scribed at length in Joiner et at. (1989).

In order to observe the absorption due to ammonia with
our system, a fairly high mixing ratio of NI-I_ is needed. A

premixed, constituent anaiysed mixture (_theson) consist-

ing of 85.56_ H2, 9.37% He, and 5.07% lqI-Is is used in all

experiments. In order to avoid condensation, the experi-

ments take place at a temperature of 210 K. The pressures

of the experiments range from I to 2 arm.

Ezperiment at Uncertaird:ee

The main contribution to the uncertainty in this type of

measurement is due to noise in the system. This noise k

visible when measuring the bandwidth of • resonance with

the spectrum analyser. The uncertainty in measured •b-
eorptivlty due to noise in our system is on the order of -8-
20-25%. Other uncertainties are due to instrumental error

and include the uncertainty in the ammonia mixing ratio,

uncertainty in the measurement of totai pressure, and vari-

ations in the chamber's temperature. The combined un-
certainties in the absorption coefficient resulting from these

three sources is approximately -4-5%. The total uncertainty

from all sources is reflected in the reported error bars.

The uncertainty in the measurement of center frequency

and bandwidth (disregarding noise) is affected by the m|-

crow'ave J.X) source as we]] as the spectrum analyser. By

phase locking the microwave LO source to a microwave fre-

quency counter and properly calibrating the spectrum ana-

lyser, these uncertainties become negUgib]e.

Bzper/ment at Re•u/re

Several different theories have been used to describe the

frequency dependent part of the collision or pre_ure broad-

ening of _ inversion lines broadened in a H=/He ntmo-

sphere. The Van Vlech-Wekskopf (1945) llneshape is known
to be accurate at low pressures (leu than 1 Mm). Zhe-

vakin and Nanmov (1963) derived a different llneshape and

found that their lineshape guve better results than the Van

V]eck-Weiukopf theory when applied to experimental data

rega_ling atmcepheric water vapor aMrptlon. This line-

shape was aiso derived independently by Gro_ (1955). It

is sometimes referred to as the kinetic llneshape. The for-

mail•ms for computing these lineshapes are given in Joiner

et at. (1989). Ben-Reuven (1966) derived a more compre-
hensive ]_eshape which was found to be more accurate at

higher pre_ures. This llneshape can be shown to reduce to

the other llneshapes under certain conditions. The panme-

ters of this lineshape may be varied in order to be compatible
with laboratory measurements as in Bergs and Gulkis (1976)

and as we have done below. Figure $ shows a graph of the

calculated absorption from ammonia based upon four of the

theoret|cai formalisms described above. The center frequen- -

cies and self-broadened llnewidths (9°) of the _I'I8 inversion

r_ouances nsed in all calculations are taken from Poynter

and Kakar (1975). The submiMmeter lines are calculated

as In dePater and Maesie (1985) except that the Gro_ line-

shape is used instead of the Van Vleck- Wekskopf lineshape.

The results of the measurements of NI-I8 absorption at

3.2 mm are given in "l_ble 1 along with the theoretically-
derived values using various formalisms. It is clear that 1_._.

neither the Van Vleck-Welsskopf nor the Gross lineshapes

provides a good fit to these measurements. We have mod-

ified the parameters of the Ben- Reuven lineshape In order

to .be compatible with the results of this work as well as

the work of Morris and Parsons (1970), Ste_es and Jenkins

(1988), Joiner ef at. (1989) and Spilker (1990). This formal-

ism employs the Ben-Reuven Unechape as described in Berge

and Gulkis (1976) with the pressure-broadened linewidth

and coupling element given by

300 2/8
,(i,k)= '/s

300

4"0.6Pjv,. ("_'-)9o(:, k) OH, (2.3)

300 =IS .300.=IS

_(j,k) = 1.35P.= (.._-) + 0.3P.,,(,_--)

•.l-0.2P..,(---3_)"lo(j,k). GHz (2.4)

No additional correction term is used in this formalism.

3. APPU_TIc_ CF I_ TO _ _

A forward modeling approach is taken in which the pa-
rameters of the radiative transfer model are varied in an

attempt to fit the calculated emission spectra to radio as-

tronomical observations. The disk-average brightness of a

planet, at a frequency _ is given by

B.,(T_ ) = 2 /oS /o°° B.,(T)ezp(-_ ) dr dp. (3.1)
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where B,(T) k the Planck function The quantity # is the co-

sine of the senith angle. The senith angle at J given point on

a constant pre_ure surface in the atmosphere of the planet

is defined as the angle between the line of sight to the planet
and the local normal to the surface at that point. The opti-

cs] depth, •, is defined u

0 w

where • Is the depth as measured from the top of the planet

and a_(z) k the sum of _ the absorbing processes at a

frequency v. The pressure may be related to depth in the

atmosphere by the hydrostatic equation and the equation of
state.

The inteL_'a] In Equation 3.1 is evaluated downward from
the top of the atmosphere (z = 0) and is terminated when a

value of 5 optical depths for • is reached. We have evaluated

the inteLn'al over # in Equation 3.1 for .Jupiter using two
methods. The first method takes into account the oblate

shape of the planet by using a grid approach (e.f. dePater

and Maesle, 1984). The second method usurers a spherical

shape for the planet. Since the two methods differed by less
than IK or about 0.0S_, we use the spherical approximation

for all model calculations.

/ 273 \ s.=4

where PH=, PH., Poll. are the pm-tial pr_umux_ of hydrogen,
helium, and methane in bar8 and _ b the wavelen_h in cm:

Thk expre_ion deviates from the Borysow formalism by less

than 1% for temperatures and pressures at altitudes above

the I0 bar leve] in Jupiter's atmosphere. For the Jovian

conditions in the l0 to 100 bar reL_on, the new expre_lon

deviates from the Borysow forma]_ism by less than 10_.

H20 Absorption

We use an expre_Ion for water vapor ab,orptlon under
Jovian conditions which is based on l_boratory data under

terrestrial conditions. The parameters for the water vapor

lines (i.e. transition L-equencies, line strengths, linew|dths)

are summar_ad in Ulaby et _. (1981) from • more detal]ed

compilation given in Waters (1976). Thk calculation in-

eludes ten rotational lines with frequencies up to 448 GHz.

The kinetic lineshape is used in this calculation along with a

correction term which was empirically derived by Gant and

l_elfenstein (1971). The term P appearing in the expressions

given by Ulaby eta/. (1981), representing the pressure under
terrestrial conditions, is replaced by (0.81Px= -4-0.2SPH,) in

order to take into account the broadening characteristics of

the Jovian atmosphere.

; .... r-" ....

Tempsvature-Preuurs Profile

The temperature-pressure profile, TCP), is calculated as

in Bri_ and Sackett (1989). A saturated adiabatic lapse
rate is used as the calculation of T(P) evolves from deep in

the atmosphere. The pm-a_neters for latent heat release are

taken from Bri[_s and Sackett (1989). The interme_ate case

for the specific heat of hydrogen (Wallace, 1980) k assumed.

The T(P) profile ]s calculated ]teratlve]y and constrained
to meet the 1 bar temperature of 16SK derived from the

Voy'_er r_]o occultation experiments (Lindal ¢ta]., 1981).

At pressures from 10 mbar to 1 bar, a T(P) profile derived
from Voyager data Is used, which corresponds to the whole

Jovian dkk (similar to Besard eta/., 1983). The T(P) profile

is shown In Figure 4.

Preuure-lnduc ed Absorption

Pre_ure-induced absorption is caused by the transient

dipole which is induced by intermolecular forces in colliding

H2-H2, H2-He, and H_-CH, molecules. Goodman (1969)

developed • simple expression for calculating the mlcrow_ve
and mllihneter-wave pressure-induced •beorption of H2-H2

and H2-He pairs. We have updated this expre_ion so that

It is consistent with empirical expressions which have been
used to describe more recent laboratory data taken at in-

frared wavelengths by Bachet st a/. (1983) and Doreet a/.

(1983). New parameters for the temperature and pressure

dependencies in the Goodman (1969) expression have been
£t to a six parameter model from Borysow et d. (1985).

A term which accounts for the H_- CH, absorption has

also been added. The parameters for this expression were

optimised for temperstur_ and pressures corresponding to

Jupiter's atmosphere. The new expreuion is

[ C?)'"'

H2 S Absorption

Several strong rotational lines of H_S appear In the mil-

limeter spectrum at frequencies near 168, 217 and 300 GHs.

We use a model of hydrogen sulfide absorption which is

based on line strengths and center frequencies given in the

GEISA catalog. We estimate the nitrogen-broadened line

width to be approximately 2 GHs/bar bued on its broaden-
ing of NI-Is and H_O. We use a pressure-broadened linewidth

of de = 2. (0.81P,,_= "1"0.2SP_.)(_-_°) "/s GI'Iz/bar and the

Gro_ linuhape.

Cloud Absorption

An expression for the absorption due to cloud conden-

sate• based on Rayleigh scattering has been integrated into

our radiative transfer model. In the l_yleigh regime, the

absorption is expressed by

18, r ._" I -
" - T" L(,. + n)=+ e'0'J ¢'_ _ (s.,)

(Battan, 1973) where p is the density of the condensation

particle, /_ is the bulk density of the cloud in the same
units, _ 18 the w_vekngth in cm, and _ = e _- in" is the

complex dielectric constant of the cloud material (related to
the complex index of refraction, _, = n - jk, by _ = a=).

Using Equat|on 3.4 along with models for cloud bulk den-
sit|re hs_.d on equilibrium condensation models (see e.f.

BriF_s and Sackett, 1989), cloud opacity has been added to
our Jovian model. The bulk densities calculated with equi-

librium condensation models assume total condensation and

thus the maximum expected bulk densities of cloud conden-

_tes. Romani (private communication, 1990) suggests that

the actual cloud densities on Jupiter may be a factor of 5

lower than those predicted with equilibrium condensation

models. Thus, the cloud bulk density will be taken as a

4
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variable in the calculating the absorption from cloud con-
densatse.

Previous modek have included only the contribution from

the _ ice cloud. However, weighting functions show that

moat of the emlu[on from Jupiter at millimeter wLvelsngtha
originates from pressures levels between 1 and 3 bare. Thus,

the potential contributions from any N'H, SH cloud as well

as from H=O (ice and aqueous solution) clouds should also
be included. Becanse the complex index of refraction of the

condensates at these wavelengths Is not known, values were

extrapolated from laboratory measurements in the infrared

by Sill ef aL (1980). A values of 1.3 Is used for njv_,, the
real parts and values between 0.01 and 0.05 for kNzr,, the
imaginary part of the index of refraction are used in our

model program. Similarly, a value of 1.7 (CRC) ls used
for lsjvB,ss and values between 0.01 and 0.05 are used for

kNR, szr. Values of 1.78 for ns=o and 0.01 for kHso (ice) are

taken from Ulaby et aL (1981). An expression for a,bsorption

by liquid water is given in Brigg_ and Sacket (1989).

4. IkSC=Z_ON

We have surveyed the existing microwave and mllllmeter-

wave observations of Jupiter and compiled a llst of reliable

observations to use as a bask for comparison with theoret-
ically computed spectr_ of Jupiter. A list of reliable obser-

vations published at frequencies from 36 to 300 Gtts (1-8.35

mm) ls given in Table 2 along with corresponding calibration

sources and spectral bandwidths. I_ein and Gulkls (1978)
have normalized all of the observations between 14.5 and

36 GHz (8.35-20.7 ram) to a common flux scale. At longer

wavelengths, Berge and Gulkis (1976) have given a survey in
which the observations have been based on a common flux

Jcaie whenever possible.

Vertical distributions of NHs, H2S and HaO have been

derived by assuming various sub-cloud mixing ratios for

cloud-forming constituents and using equilibrium condensa-

tion models. The derived abundance profiles are then

in the radiative transfer model in order to predict the era|s-

alon from Jupiter. Four distributions for NHs, two for H2S

and one for H_O are shown in Figure 4. Abundance profiles
for ]q']_ assume deep mixing ratios of 2.5-10 -4 and 3.0.10 -4

which correspond to the measured value and upper limit de-

rived by Bjoracker et aL (1986a) at 5_m. Distributions for

H2S a_ume sub.cloud mixlng ratios equal to the solar abun-

dance (3.55.10 -s) and nearly ten times the solar abundance

(2.2.10 -s) respectively. The H_S is rapidly depleted due to

a reaction with NHs to form NH, SH. The H2S distributions

are compatible with the upper limits derived by Lareon st

aL (1984) at 2.7tzm. For sub-cloud H25 mixing rat]oa le_

than or equal to the solar abundance, the _ mixing ra-

tio is not significantly depleted (as in NHs distributions la

and Ib). However, If the H2S mixing ratio ls increased to
2.2.10 -s (as In distribution 2), NHs becomes depleted near

2 bars (as in NIl8 distributions 2a and 2b). The formation
of an NH_ ice cloud further depletes the ammonia near 0.75

bar. The H_O distribution assumes a sub-cloud mixing ratio

equal to the solar abundance (1.23.10 -s) and is depleted by
the formatio_ of an ice and aqueous H_O cloud.

The distrlbutl_as and cloud bulk densities shown In Fig-

ure 4 may not represent the actual distributions in Jupiter's

atmoaphere, but are used as a basis to test the effec_ of the

various absorbers on the computed Jovian spectrum. For ex-

ample, the actual H20 distribution in Jupiter's atmoaphere

may be depleted by a factor of 100 (Bjoracker st a/., 1986b).
The H20 distrlbutlons and bulk densities shown in Figure 4

are used to illustrate the maximum posslble'efract of H20

(gas and clouds) on Jupiter's emission. Although actual dl_
tributlon of gases within the belts and sones of the planets

will vary from the those shown in Figure 4, the dktrlbu-

tions we show represent values averaged over the disk of the
planet and hence are used to calculate dlsk-averaged bright-

ne_ temperatures.

In Figure 5, the observed Jovian spectrum Is shown along

with calculated emleeion spectra. The model calculations

include only _ and H20 opacity and use the four

d_tributlous shown in Figure 4. The error bars for obser-

vztlons nsing Mars as the primary calibrator include a 10%

uncertainty for the calibration in addition to the systematic

uncertainties reported in Table 2. Model calculations using

all four _ distributions provide s good fit to obeervatlons

near 1.3 cm and st longer wavelengths. However, only

distributions la and lb provide a good fit to the milibneter-
wave observations. The influence of the 183 GHs H=O line

on the computed emlulon Is small for N-Ha distributions la
and lb. ,.

The effect of adding H2S opacity to model Jovian

sion for two _ distributions Is shown in Figure 6 (solid

line: _ and H2S opacity only, dashed line: N'/_, H=O and

H=S opacity). In order to account for the large bandwidths
of many of the observations, the contribution from the H2S

lines are averaged over 70 GHs. The average contribution

(dotted line) from H=S is small for N]_ dlstrlbution Ib but

substantial for _ distribution 2a. Besardl _st a/. (1983)

have shown the potential e_ects of H_S on' Jupiter's eml_

sion for distributions in which the H2S ls not depleted by an

Iq'H,SH cloud.

Figure 7 shows calculated emission spectra with and with-

out cloud opacity included using _ distribution 2b. Sub-
stant|al opacity Is provided by the clouds when values of 0.05

are used for kNu, and kNu, sH and the maximum cloud bulk

densitiesfrom equilibrium condensation modem are used.

This case corresponds to the maximum pomlble e_ect of the

absorption from clouds. However, when values of 0.01 for

k_, and k_v_r, sH are used and the cloud bulk densitles

decreased by a factor of 5, corresponding to a more real-

istic _cenario, the opacity provided by the clouds becomes

negligible.

5. _c_s A_ Sv_no_ _ l_'t_ V_,_

Using our new formalism for the Ben-Reuven lineshape in

model calculations, we find that the millimeter-wave obser-

w, tlous of Jupiter can adequately be explained using NH_

opacity alone. Good fits to the observed spectrum are
achieved using vertical distributions for _ derived from

equilibrium condensations models with deep mlxing ratioa

of 2.5 - $ • 10 -4 (solar abundance enhanced by a factor of

1.7-2) for NHs and less than or equal to the solar abundance

(3.35- 10 -4 for H_S.

Gaseous hydrogen sulfide may be providing additional

opacity. Observations wlth greater spectral resolution are

needed in order to detect the potential dips in emission due

to H_S and thus distinguish the efl_ects of H_S opacity from

those of l_FIs. Absorptlon by cloud condensates may also

be providing opacity. However, due to large uncertainties in
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the dielectric properties of the condensates and cloud bulk

deusit|es, no firm conclusions regarding cloud opacities can
be drawn at this time.

More laboratory meuuremente are needed in order to

further evaluate the miUlmeter-wgve and microw_ve proper-

ties of the outer planets. We plan to m_e meuurements

of the hydrogen and helium pressure-broadened linewldths

of millimeter-wave lines of gaseous hydrogen sulfide in the

future. In addition, measurements of the dielectric proper-

ties of solid NH8 and NH_H are abo needed to accurately

aese_ the effect of cloud condensates on the m]llhneter-wave

spectra of the outer planets.
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Fi_. 1. Block diasrarn of the planetary atmospher_ simul_or as
configured for the measuremer_ of millimeter-wave NH$ absorp-
tion under simulated Jovian conditious.

Fig. 2. Sketch of the Fabry-Parot resonat_ which operetta at 94
cm (8.=_).

Fig. $. Theoretically derived absorption profllu in a 9C_ H_-10%
He-0.03% NHa mixture at 3 bars and 200K using the Van Vleck
Walukopf linmhape (WW, dot-dashed line), Zhewikin-Naumov
or Cross line_hape (ZN-C, dotted line), Ben-Reuvm lineshape
as per Barge and Gulkk (BR-BC, dashed line) and Ben-Reuven
formalism as given in this paper (BR-JS, _olid line).

Fig. 4. Various abundance profiles for NHa and HaS and cloud
bulk densitie_ based on equilibrium condesation models. Model

I:XH=S = $.35"I0 -4 (solar), 2a: XNS, = 2.8"10 -4, 2b: X_ =
8- 10-4; Model 2:X_s = =.2.10 -4, la: X_ = 2.8.10 -4, lb:
XN_s = $" 10-4; X_O = 1.2S. 10 -s (solar). Temperature-
Pressure profile calculated with X_ = 2.5. lO-4,X_=s = $.$.
10-e,X_=O = 1.0.10 -4

Fig. 6. Observed _leOvian spectrum (error bars incluck 10_ uncer-
tainty for observations using Mars as calibrator) and computed
emission using NH4 and H_O opacity only and vertical distribu-
tions in Figure 4.

Fig. 8. Observed Jo_an spectrum with computed am]ulon us-
in_ NHs dktributions lb and 3a with HaS dktri_utlons 1 and
r_pectively from F_re 4. Dashed line: NHs and HaO opw.lty
only; Solid line: Nile, HsO and HaS opacity;, Dotted line NHs,
HaO and HaS opacity w_raged over a bandwidth of 70 Clls.

Fiz. 7. Obs,_d Jovian spectrum with computed emla-
sJon using NH4 profile 3b with and without cloud opacity in-
cluded. Solid line: NHe and H=O opacity only; Dashed line:
k_,k._4s.,l = 0.05 and maximum bulk densities as shown
in Figure 4 (Dotted line below: HaS opacity added); Dot-dashed
line: kNH8 ,k_H, SH = 0.01 and maximum bulk densltl_ (ean_
r_ult obtained for kN_s, kN_, S_ = 0.0S and densltlas dscrsued
by a factor of 8); Dotted line above: k.,v_s,kH;f_s_ = 0.01 and
bulk densities doeasased by a/'actor of 6

TABLE I: Absorption summary for NHs at $.2 nun
85.56%Ha, 9.37%He, 6.0_)_NHs, T=310K

Date Prm_. a me,,,, a ,-, a a

(atm) (de/kin) Z_/C WW S_SC Sa-JS

10/30/SS =.0 116±$3 42.8 880.6 117.0 120.8
2.0 109::1:$2 42.8 $80.6 117.0 1=0.8
1.7 68-t-80 80.8 =85.9 84.7 87.4

_6"_-$0 80.8 =88.9 84.7 87.4
1.$ 0:t:30 18.2 148.9 49.T 81.1
1.0 0-;-30 10.8 _.$ 29.4 _0.$

10/==/88 2.0 914-$0 43.$ 880.6 117.0 1=0.8
10/==/88 3.0 91-4-30 42.$ 350.6 117.0 120.8

TABLE 3. Millimeter-wave obswwtions 'of Jupiter

_ TB Cal A_ Reference
(ram) (Oils) (K) (GHs)

1.0 800 168:1:8 Man 10=0=29
1.08 =79 189.9d:S.1 Man 75
1.8= ==7 1T0.9-F&9 Man 70
I.$3 227 165-4-8 planets 89
1.4 314 "1484-16 planets 276
1.40 314 _168d:11 Mars 210
2.00 150 17&$_:1.1 Mars 50

2.!8 141 616T_13 abs 1-2
=.14 140 *178_18 abs 1-2
8.09 97 a174_10 abs 0.1-0.=
8.3S 90 173.5:1:1.4 Man 1-3
3.48 86 179.4:1:4.7 abs 0.03-0.5
$.85 88 "168"I"6 DR=I 1-2

Warner at ,,I (1978)
Cr/mn ._ .L (I_8e)
tritonw ._(1_6)
_ch ._ ._ (1_)
Rather et _. (1975)

co,,-._;..,w ._(19_)
_rim. a _ (1_)
Ullch (1974, 1981)
Co=de|! d ,_ (1976)
UUch._.z (1_7s)
triton et.Z (1_6)
Ullch ,_ & (1680)
ulich (ion)

"Brightness temperatures as given in Barp and Gulk/_ (1976)

tRecakulated with beam correction factor in Ulich ,_ d. (1980)
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Appendix C

LA3ORATORY MEASUREMENT OF THE MILLIMETER-WAVE PROPERTIES OF LIQUID S_IC
ACID (H2SO,).

Antoine K. Fahd and Paul C. Sierras

" -

School of Electrical Engineering

Georgia Instlt_ute of Technology, Atlanta CA., 30332-0250

Abstract. Recent observations of the

mlllimeter-wave (2_6 D) emission from Venus

have shown siEnificant variations in its
continuum flux emission (de Pater et el.,
1991). Some of this change in emission may
be attributed to variability in the
m]_undance of Venus cloud cormtituents;
specifically HzS04 condensates. The ability

to Judge the validity of this assumption
requires knowledge of the electrical
properties of the absorbing condensate at

zalllimeter-wave frequencies (30<f<300 CHz).
In order to accurately model the affect of
che condensates on the flux emission from

Venus, a determination of the dielectric
properties of liquid H2SO 4 is essential. As
a result, laboratory measurements of the .
complex dielectric constant of liquid
sulfuric acid between 30-40 and 90-100 CHz

have been performed.

The methodology and the results are
_eported in this paper along with a
_alculation of the absorption of HtSO ,

droplets under Venus-like conditions. In
addition, this paper discusses the effects
of these condermates on the variation in the

flux-emission of Venus and compares the
effect of HtSO 4 droplets with other
absorbers in the atmosphere of Venus such as
Easeous SOt. Ue conclude that this

condensate does affect the brightness
temperature of Venus and its effect cannot

be omitted in future modelin E of the
a_osphere of Venus.

F

I. Introduction

Recent observations of the millimeter-

wave emission of Venus at 112 GHz (2.6 ,m)
have show_ S 30 K variation in r_e observed

flux emission as reported by de Pater et el.

(1991). These emission variations may be
attributed to variations in the abundance of

absorbing constituents present in the middle

atmosphere of Venus. Such constituents

include gaseous HIS04, S0z, C0z and liquid
sulfuric acid in the form of cloud

condensate. (Detailed description regarding
the presence of these constituents may be
found in Steffes and Eshleman (1982),

$teffes (1985), and Steffes et el. (1990))

Among these constituents, gaseous C0 z is

considered to be the primary absorber in the

a_mosphere of Venus. However, the COt
abundance variability is considered to be
low end therefore cannot account for the

measured variabilit_ in emission.
Recently, de Pater et el. (1991)

suggested that this variability may be
attributed to the variation in the abundance

of the cloud Condensate (t.e, liquid
sulfuric acid). In order to evaluate this

hypothesis, • knowledge of the dielectric
properties of liquid sulfuric acid at
millimeter-wave frequencies is needed so as

to determine ?.he expected absorptivity from
such condensate, and hence the effect of

this'condensate on the emission spectrum of
Venus. Estilation of the absorption of this

condensate at millimeter-wave frequencies is
not straightforward since no laboratory
measurements of the dielectric constant of

liquid HtSO , have been previously reported
at millimeter wavelengths. Although the

dielectric properties of liquid HiS0 , at
microwave frequencies have been measured

(Cimino, 1982), direct extrapolation of
these results into the millimeter-wave

region can lead tO ambiguous results.
This paper describes the methodology and

the results of lahoratory Beasurements of
the millimeter-wave properties of liquid
sulfuric acid. These measurements represent
the first time that measurements of ?.he

millimeter-wave dielectric property of

liquid sulfuric acid have been reported.
In this paper, we describe measurements

conducted at 30-40 and 90-100 GHz, u_ing two
different concentrations of liquid HtSO 4. In
addition, the measured data is used to

compute the expected opacity of H2SO4
condensates and their effects on the

millimeter-wave emission from Venus.

II. ExperimentalApproach

The approach used in the measurement of

the dielectric properties of liquid sulfuric

acid at millimeter-wave frequencies is
similar to nhat described by Moore at el.
(1991). The experiment employs a free space

transmission setup as indicated in Figure 1.
In this configuration, the sample is placed
between the trarmmitting and receiving
antennas. In addition, optical lenses are
used to focus the energy on the surface of

the sample. The lenses and the two horn
antennas are mounted on an adjustable rail
to allow accurate positioning of these

components with respect to the sample.
Although the sample holder is designed to

rotate to change the incidence angle of the
tran_mitted wave, our measurements were
performed at a normal incidence with respect
to the sample.

In order to use this system for measuring
the complex dielectric constant of liquids,
a suitable cell had to be designed to hold
the liquid sulfuric acid and to ntnimize the
reaction of the acid with the cell wails. A

sketch of the cell used is shown in FiEure 2
where the cell walls are _anufactured from

high grade Teflon. The thickness of the cell
walls and the liquid sample are chosen so
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that an adequate signal level can be
measured by the receiving antenna. A
r_lckness of 1270pm is chosen as an

appropriate value for the wails and liquid
sample. In •ddition, the variation in _he
thickness of the cell walls is minimized in

order to insure • uniform sample thickness

(±25.d pm is achieved).
A block diagram of the electrlcal

components used to measure the dielectric
constant of liquld sulfuric acid between 90-
100 CHz is shown in Figure 3. A similar

_fstem employing different antennas and
lenses along with the •pproprlate power
• ource is used for frequencies between 30.0
and _0.0 CHz. In both configurations , the
system employs a digital computer ¢o
automate the measurement process and ¢o
control the Hevlett-Packard 8510 network

analyzer used to measure the transmission
coefficient of the liquid sample.

III. Experimental Procedure

The first step in the measurement process
is she calibration of the system (without

the sample). In addit!on, a check on the
accuracy of the calibration process is

_erformed by measuring the dielectric
constant of a single sheet of material and
comparing the measured values wlthpubllshed

data. Once the calibration is satisfactory,
the filled cell is mounted and measurement

of the transmission coefficient of the

liquid , (Sa_)_a,uzed, as function of
frequency is performed. The results of such
measurements are then stored on a magnetic
disk for later analysis.

As stated earlier, the measurement of the

complex permfttivity (e,=e/z-je/_) of

liquid sulfuric acid was performed at two
different frequency hands covering 30-40 and
90-100 CHz. The measurements of the complex
dielectric constant of two samples of liquid
sulfuric acid having 99t and 85t

concentration by Weight were performed. The
latter concentration was equivalent to the
estimated concentration of sulfuric acid in

the clouds of Venus. In addition, the
measurement of the dielectric constant of

distilled water was performed in order to
check the accuracy of our Reasurement

process. In this case, • close agreement
between our measurements and those

previously reported (0Euchi , 1983) was
obrmined.

Figure 4, a composite scattering matrix

representing the three media and the
corresponding interfaces can be written as,

[S] 7" IS]. [S] x IS] 2_ IS) x:
[S]. [S]:n [S],,

(1)

where [S] T is a 2x2 matrix relating the

lncomir_ and outgoing wave amplitudes in
medium 1 and 5 as shown Figure 4. Another
l_ortant quantit_ is the propagation
constant of an electromagnetic wave in
medium i which can be expressed as,

k,-2zf_ (2)

where f denotes the frequency, c Is the

speed of light in free space and ezi and Pzi
are respectively the relative complex
permittivity and permeabili_y of medium i.
These two complex quantities can be

expressed as,

" " " . _ //" • (3)F,i _,i-J _,s

and

Since liquid sulfuric acid does not posses

lagnetic properties, P:a is equal to Po-

The composite scattering matrix [S] T can
then be written as • function of the

propagation constants of the three media and
their respective thicknesses. Since the
dielectric constant of Teflon is well known

(ezz=ezxx-2.0-J.02), [S] T can then be written

as • function _F such that,

[S]v=_'(kn,t,d ) (5)

where k=_ is the propagation constant in
medium II as expressed in equation (2).

Once IS] T has been determined, one can
solve for the propagation constant of medium

lI (kll) by minimizing,

(Sal),,,,=,d- (S:I)T (6)

IV. Determination of e:

The determination of the complex
dielectric constant of the liquid under test
_equires careful characterization of the
geometry of the cell used and the
determination of the theoretical
transmission coefficient of that cell. A

sketch of the liquid cell used in our setup

is shown in Figure 4 where medium I and III
denote the teflon walls of thickness d while

medium II represents the liquid under test

with thickness t. For the geometry shown in

where (Sas)me_, 4 is the measured
trarmmission coefficient of the filled cell

while (Sa_) T is the theoretically calculated
transmission coefficient obtained from r_he

_atrix IS] T. This minimization process is

carried out using • root finder program
based on Newton's method and an initial

_uess for klI. Once a satisfactory value of

kz/ has been reached in accordance vith (6),
the complex dielectric constant of the

liquid under test can be determined using,

2
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"1

¢_xx= (kn/ko) a (7)

_ere k o denotes the propagation constant
In free space.

V. E_er_ental Results

The Tesults of the measurements of the

complex dielectric constant of liquid
sulfuric acid at frequencies between 30.0
and 40.0 GHz are shown in Figures 5 and 6.
FtEure 5 shows t_hs real part of the relative

dielectric constant (e,lII) as function of

frequency for 99.0t and 85.0t concentrations
(by weight) of sulfuric acid in addition to

e_i I for water (room temperature). Figure 6

shows the inaginary part of %II (e_I) as

function of frequency for the same liquids.
Similarly, th_ results of the measurement

of the complex dielectric constant st 90.0-
100.0 CHz ere shown in Figures 7 and 8. The
error bars shown in these four figures

zepresent -+lO variation in the calculated

values of G_I I and e_llI resulting from

uncertainties in the thickness C of
i25.4_m. Hence, these error bars do not
include uncertainties due to instrumental

errors which are on the order of _3_ of the

reported mean values.
In order to apply the measured data in

modeling the emission from the atmosphere of
Venus, a relationship between the complex
,dielectric constant, physical parameters of
the condensate (size and mass content) and

the expected absorptivity of such a
condensate is needed. Regarding the physical

parameters of the condensate, extensive
studies have been performed using data from

several entry probes (Knollenberg and
l_unten, 1980). Droplets sizes of 25 microns

vir_ an approximate mass content of 50 mg/m _

provide a conservative upper limit for the
physical parameters of the cloud condensate.

As a result, the expected absorptivity can
be evaluated using a Rayleigh absorption

model (that is , I (Or) 1/2XIcl, where

X=21;Z(ez/) 1/2/_ and r is the radius of the

droplets, (Ulaby,1981)) where the absorption

coefficient, a, can be expressed as,

24 6H ¢_1
s- (dB/k_) (8)

p_ [ (z_*2) _* (c__)']

where p is the density of the liquid and M
is the bulk dsnsit-/ of the clouds in the

same units, A is the wavelength in km and

and e_' are, respectively, the real and

imaginary parts of the complex dielectric
constant of the liquid. (Note, for example,
that an attenuation constant or absorption
coefficient or absorptivity of 1 Neper km"l
- 2 optical depths per km (or kn'l) - 8.686
dB km "1, where the first notation is the

_atural form used in electrical engineering,
the second is the usual form in physics and

astronomy, and the third is the common

(logarithmic) form. The third form is often
used in order to avoid a possible factor-of-
2 ambiEuit-y in meaning).

The calculated values of the absorption
coefficient of liquid sulfuric acid for 85q
and 991 concentration by weight (in addition
to those for water) are shown in Figures 9
and 10. In these giEures, the absorption of
HaSO _ and H,O droplets have been calculated

for the same voluBe density (M/p ratio is
constant for both liquids). A close
examination of these results indicate that

the expected absorption for 85% concentrated
sulfuric acid droplets is at least 20_
higher then that expected from water. This
indicates that the absorptivity of sulfuric
acid may have an effect on the variation of
the millimeter-wave emission from Venus.

VI. Discussion

The key result of our york has been the
determination of the complex dielectric
constant of liquid sulfuric acid at the
concentration expected for the clouds of
Venus. Our results show chat the expected
absorption of liquid HzSO_ is at least 20q

higher than that of water-condensate. Thus
the absorption from liquid sulfuric acid may
affect the millimeter-wave emission of
Venus. In order to determine the effect of

HiS0_ droplets on the emission of Venus, our

data has been incorporated into a radiative
transfer _odel of the atmosphere of Venus.
This model calculates the effects of several

constituents (gaseous SO_, COa and H20) on
the brightness temperature of Venus at
millimeter wavelengths. Although the
ahsorptivities of some of the constituents
have not been measured at millimeter

wavelengths, extensive analytical
calculations regarding their absorptivities
have been reported. In addition, the
absorption of gaseous sulfuric acid is not
included in our model since no measured or

calculated da_a have been reported at these
high frequencies.

Preliminary results from the radiative
transfer model indicate that liquid H_SO 4
does indeed affect the brightness
temperature of Venus at 95 CHz. A decrease
of 2 K is indicated for a uniform cloud

layer in the _8-50 km altitude range similar
to that described by Knollenberg and Hunten
(1980). This decrease in brightness
temperature is comparable with that

attributable to gaseous S0_ (S0 z is assumed

to be uniformly mixed below _8 km altitude
and exponentially decreasin_ above).
However, this 2 K variation in brightness
temperature is much less than the observed
variation in the millimeter-wave emission of

Venus. Recently, de Pater (1991) reported
observing • variation of 30 K in the

brightness temperature of Venus at 112 CHz.
In order to determine which constituents

are responsible for the reported variations
in the emission of Venus, a complete

knowledge of the millimeter-wave properties

of all constituents (especially gaseous
H_SO,) is necessary.
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VII. Conclusion

Laboratory measurements of r/_e complex
dielectric constant of liquid sulfuric acid
at 30-40 and 90-100 CHz have been performed
on t_o different samples of H_SO_ with 85t
and 99t concentration by weight. Using the
measured data and the physical parameters of
sulfuric acid condensate in the clouds of

Venus, the absorptivity of H2SO4 condensate
has been determined.

The calculated absorptivity of liquid
_ulfurlc acid has been incorporated into a
_adXative transfer model of Venus in order

to determine t_e effects of HaSO 4 droplets
on the variability in the millimeter-wave
emission from Venus. The results of our
model indicate chat the cloud condensate

does have an effect on the omission of

Venus. However, the calculated decrease in
brightness temperature is well below the
observed decrease in brightness temperature
(de Pater, 1991). As a result, this observed
variability may not be completely due to
sulfuric acid droplets.

Ocher constituents such as gaseous H2S04
nay also affect the observed variations in
the brightness temperature, The effect of
this constituent is not fully known since no

measurement of the absorption of gaseous
sulfuric acid have been performed at

millimeter-wave frequencies. Hence, one can
only speculate whether this variability can
be completely due to liquid sulfuric acid.

Currently, measurements of the absorption
of gaseous sulfuric acid and SO2 at
millimeter-wavelengths are being performed
under Venus-like conditions. The results

from our measurements viii be incorporated
in our model in order to determine the
effects of these constituents on the

observed variability in the brightness
temperature of Venus.
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Fahd and Steffes: Dielectric constant of

HaSO,

Fahd and Steffes: Dielectric constant of

HzS04

Fig. 1. Sketch of free space measurement
system.

Fig. 2. Sketch of the liquid cell used in
the free apace measurement of the
dielectric constant of sulfuric acid.

Fig. 3. Block diagram of the free space
measurement setup, as configured for
measurements of the millimeter-wave complex
dielectric constant of liquid sulfuric acid.

Fig. 4. Detailed sketch of the liquid cell
representing various media and their
Yespective interfaces.

FiE. 5. The measured real part of the
complex dielectric constant of water and

sulfuric acid for frequencies between 30and
40 CHz at room temperature. Error bars
indicate ±1o variation in the measured

quantities about the mean values.

Fig. 6. The measured imaginary part of the
complex dielectric constant of water and
sulfuric acid for frequencies between 30 and

40 CHz at room temperature. Error bars
indicate *1o variation in the measured

quantities about the mean values.
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Fig. 7. The measured real part of the
complex dlelactrlc constant of water and
sulfuric acid for frequencies between 90 and
100 CHz at room temperat_are. Error bars

indicate alo variation in the measured

quantities •bout the mean values.

Fl K. 8. The measured imaginary part of the
complex dielectric conatant of water and
sulfuric acid for frequencies between 90 and
100 CHz •t room te=perat_are. Error bars
indicate 110 variation in the measured

quantities about the mean values.

Fig. 9. Co=parison of attenuation (d_/km)
froaan 8St (by weight) sulfuric acid
solution vl_h Oat from water droplets for •
particular volmze fraction (volume of
particles/total volume - 2.$2x10 "l) for
_requencies baleen 30 and A0 Cl4z.

Fig. 10. Comparison of attenuation (d_/km)
from an 85t sulfuric acid solution with r_at

from water droplets for • particular volume
fraction _volume of particles/torsi volume -
2.82x10 "8) for frequencies bet_ieen 90 and
100 CI-Iz. .. "
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